Addition of pertussis toxin to rabbit neutrophils inhibits the fMet-Leu-Phe-induced increases in Na+ influx and in intracellular pH. In addition, pretreatment of the cells with the toxin inhibits the decrease in the levels of phosphatidylinositol 4,5-bisphosphate and phosphatidylinositol 4-phosphate and the enhanced production of phosphatidic acid produced by the chemotactic factor fMet-Leu-Phe. Furthermore, the fMet-Leu-Phe-induced changes in the phosphorylation of a 46-kDa protein and of several other proteins are also inhibited by the toxin. On the other hand, the phorbol 12-myristate 13-acetate (PMA)-induced increases in the phosphorylation of several proteins are not inhibited by the toxin. PMA, but not its inactive analogue 4a-phorbol 12,13-didecanoate, was also found to stimulate Na+ influx and to increase the intracellular pH in rabbit neutrophils. These ionic effects, like those produced by fMet-Leu-Phe, are inhibited by amiloride. The stimulated Na+ influx and H+ efflux produced by the phorbol ester, on the other hand, are not inhibited by pertussis toxin. The results reported here suggest (i) that the activity of the Na+/H+ antiport in neutrophils is regulated by protein kinase C; (ii) that the G-protein system, either directly or indirectly, is involved in the stimulus-response coupling sequence in these cells; and (iii) that the toxin acts at, or prior to, the steps responsible for the activation of phospholipase C, and it does not affect the sequence of reactions initiated by the activation of the protein kinase C.
which provide the guanine nucleotide binding sites, are different, whereas the /8 subunit is the same (15) . Pertussis toxin causes an NAD-dependent ADP-ribosylation of aj, and this ribosylation blocks the dissociation of a, from 13 and inhibits its action (15) . The idea that Gi may be closely involved in signal transduction is suggested, albeit indirectly, by several recent observations. First, it was found that the addition of pertussis toxin to rabbit neutrophils inhibits the fMet-Leu-Phe-induced increase in the intracellular concentration of free Ca2' and other biochemical changes (refs. 16 and 17; unpublished observations). Second, the incorporation of guanine nucleotides into permeabilized mast cells causes secretion in response to the subsequent addition of Ca2+ (18, 19) , and this release is inhibited by pertussis toxin (19) .
The present studies were undertaken to investigate the role of protein kinase C in the regulation of the activity of the Na+/H+ antiport and to examine the effect of pertussis toxin on the stimulated biochemical changes in rabbit neutrophils. The results reported here clearly show that (i) phorbol 12-myristate activates the Na+/H+ antiport system, and (ii) the addition of pertussis toxin inhibits the fMet-Leu-Phe but not the PMA-induced increase in Na+-influx, the increase in intracellular pH, and the changes in lipid metabolism and protein phosphorylation.
The addition of the chemotactic factor fMet-Leu-Phe to neutrophils activates several cell functions, produces many biochemical changes, and profoundly modifies the permeability characteristics of the plasma membranes of these cells (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Among the most dramatic of the changes initiated by fMet-Leu-Phe are rapid increases in sodium, calcium, and hydrogen ion fluxes. The increases in Na+ and H+ fluxes are mediated in part by the activation of the Na+/H+ antiport. The mechanism by which this system is regulated, under both basal and stimulated conditions, is not known. Recently, it has been hypothesized that some of the rabbit neutrophil responses produced by fMet-Leu-Phe are mediated, at least in part, through the activation of the protein kinase C system (11) (12) (13) .
Although the role of the two guanine regulatory proteins G, and Gi in the adenylate cyclase system is well established (14) , their possible involvement in the observed increases in membrane permeabilities and lipid changes induced by hormonal stimulation of various cell types has not been examined thoroughly. G, and Gi contain two (possibly three) nonidentical subunits, a,(3 and aip, respectively. The a subunits, MATERIALS AND METHODS Rabbit neutrophils (4-to 12-hr exudate) were collected and handled as described (12) . The cells were suspended (1 x 107 cells per ml) in Hanks' balanced salt solution containing 10 mM Hepes (pH 7.4) at 37°C. When pertussis toxin was used, the cells were incubated with the toxin (500 ng/ml) for 1 hr at 37°C. At the end of a 1-hr incubation, the cells were centrifuged and washed once in toxin-free Hanks' balanced salt solution and resuspended in the same solution. Neutrophils previously treated with toxin at 10-1000 ng/ml for 45 min showed distinct but submaximal effect; at 60 min, the effect was indistinguishable from that obtained after 90 min (unpublished results).
Measurement of Intracellular pH. Changes in the intracellular pH of the neutrophils were monitored by following the distribution of the weak acid, 5,5'-dimethyloxazolidine-2,4-dione (DMO) as described (9) . The cells were incubated with
[14C]DMO for 1 min, then the desired stimulus was added, and the distribution of the label was followed with time.
Measurements of Na+ Influx. Na+ influx was measured by the rapid sampling silicone oil method (described in detail in The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Phospholipid labeling with 32p was carried out as described (13) . Briefly, the cells (5 x 107 cells per ml) were incubated with 32p with or without the toxin at 37°C for 1 hr. The reaction was initiated by adding a known volume of the stimulus, and it was stopped by adding 5 ml of n-hexane/isopropanol and concentrated HCl (final concentration, 0.1 M) (300:200:4). Lipids were isolated and the various components were separated on silica gel 60 precoated TLC plates without fluorescent indicator (Brinkmann) as described (13) .
The plates were developed in one dimension in chloroform/ methanol/20% methylamine (60:30:10, vol/vol).
Protein Phosphorylation. Phosphorylation was carried out using two-dimensional polyacrylamide gel electrophoresis as described (12) . The reaction was stopped with 0.2% NaDodSO4. The samples were then incubated with DNase (0.1 mg/ml) and diisopropyl fluorophosphate (1 mM) at 37°C for 20 min, dissolved with 3% Nonidet P-40/0.2 g of solid urea/130 mM 2-mercaptoethanol. The mixture was then applied to a 13-cm tube gel with Ampholine running from pH 3 and 10 [a mixture of Ampholine (pH 5-7; 0.4 ml/10 ml) and Ampholine (pH 3-10; 0.1 ml/10 ml)]. The second dimension consisted of a 10% straight gel.
Chemicals. fMet-Leu-Phe and Hepes were purchased from Sigma, PMA and 4a-phorbol 12,13-didecanoate (PDD) were obtained from CMC, Cancer Chemicals (Brewster, 
RESULTS

Effect of Pertussis Toxin on Na' Influx and H' Efflux in
Control and fMet-Leu-Phe-Stimulated Cells. The effects of pretreatment of rabbit neutrophils with pertussis toxin for 1 hr on the basal and fMet-Leu-Phe-stimulated increase in Na'
influx and the increase in intracellular pH were examined. The results ( Fig. 1 ; Table 1 ) clearly show that the addition of pertussis toxin (500 ng/ml) to rabbit neutrophils totally abolishes the increase in intracellular pH produced by fMet-LeuPhe and significantly inhibits the stimulated Na' influx. The fMet-Leu-Phe-induced stimulation of Na' influx and H' efflux are also inhibited by amiloride (9) . Note that the toxin inhibits the simulated H' efflux somewhat more effectively than it does the Na' influx, suggesting that part of the Na' influx is not mediated by the Na+/H' antiport. Effect of PMA and PDD on Na' Influx and H' Efflux. It has been suggested that binding of the chemotactic factor fMet-Leu-Phe to its receptor produces some of its actions by activating phospholipase C, leading to the generation of inositol 1,4,5-trisphosphate and 1,2-diacylglycerol from the breakdown of phosphatidylinositol 4,5-bisphosphate (13). 1,2-Diacylglycerol has been implicated in the activation of protein kinase C (21). To investigate the relationship between protein kinase C and the activity of the Na+/H+ antiport, we have examined the effect of PMA and its inactive analogue PDD on Na+ and H+ movements. PMA stimulates the native protein kinase C activity and greatly increases the affinity of the enzyme for calcium (22) . The addition to rabbit neutrophils of PMA at a concentration known to activate protein kinase C increases Na+ influx (Fig. 2) and intracellular pH ( Table 2 ). Note that the inactive analogue PDD has no effect on the movements of these ions. The results also show that although the increase in H+ efflux produced by PMA is completely inhibited by 1 mM amiloride, the enhanced Na+ influx is only inhibited by =50%. The H+ movement is more sensitive than the Na+ movement to amiloride, suggesting that part of Na+ influx is independent of H+ efflux. Amiloride is known to inhibit the Na+/H+ antiport in several tissue and cell types (23) .
Effect of Pertussis Toxin on PMA-Induced Increases in Na+ Influx and Intracellular pH. To identify the pertussis toxinsensitive step(s) in the sequence of events leading from receptor occupancy by fMet-Leu-Phe to the stimulation of the movements of Na+ and H+, we have examined the effect of pertussis toxin on the increases in Na+ influx and intracellular pH produced by both PMA and fMet-Leu-Phe. The results are summarized in Fig. 3 and Table 3 . Note that, unlike fMet-Leu-Phe (Table 1 ; Fig. 1 ), the PMA-stimulated increase in Na+ influx and the increase in intracellular pH are not inhibited by the pertussis toxin.
fMet-Leu-Phe-Induced Changes in Phospholipid Metabolism in Control and Pertussis Toxin-Treated Cells. The results presented so far suggest that the toxin acts at a point prior to the activation of protein kinase C. Since activation of protein kinase C by fMet-Leu-Phe is mediated through the generation of 1,2-diacylglycerol, we have examined the effect of pertussis toxin on the fMet-Leu-Phe-induced changes in (12) . The phosphorylation of this protein was also correlated with specific granule release (12) . Thus, we have examined the effect of pertussis toxin on the fMet-Leu-Phe-induced protein phosphorylation. As expected from the results presented so far, the stimulated phosphorylation of a 46-kDa protein (most probably, the same as the previously described 50-kDa protein) was significantly (>70%) inhibited in cells previously treated with the toxin (Table 5 ). The addition of fMet-Leu-Phe to control cells affected the degree of phosphorylation of several other proteins, and these changes were all inhibited in cells previously treated with pertussis toxin (data not shown). Furthermore, it was also found that the phosphorylation of several proteins produced by PMA was not inhibited by the addition of pertussis toxin (data not shown).
DISCUSSION
The fMet-Leu-Phe-but not the phorbol ester-induced increases in Na+ influx and intracellular pH are inhibited in neutrophils that have been treated with pertussis toxin. Moreover, the fMet-Leu-Phe-stimulated changes in polyphosphoinositides, phosphatidic acid, lysophosphatidic acid, and the phosphorylation of the 46-kDa and several other proteins are also significantly inhibited in neutrophils that have been treated with the toxin. Since the PMA-stimulated changes in Na+ and H+ movements are not affected by the toxin, it is likely that the toxin acts at, or prior to, the step responsible for the generation of the signals involved in protein C kinase activation. Consistent with these results are the PtdInsP2, phosphatidylinositol 4,5-bisphosphate; PtdIns4P, phosphatidylinositol 4-phosphate; PtdIns, phosphatidylinositol; Ptd, phosphatidic acid; LysoPtd, lysophosphatidic acid. Cells were treated with pertussis toxin (500 ng/ml) for 1 hr. *Time (sec) after addition of fMet-Leu-Phe (nM); each value represents 32P radioactivity relative to its own control (mean ± SEM of at least three experiments), and each experiment was carried out in duplicate. Addition of toxin alone produces a small (<10%) inhibition in the basal value of each phospholipid measured.
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